The nonallosteric and allosteric L-lactate dehydrogenases of Lactobacillus pentosus and L. casei, respectively, exhibited broad substrate specificities, giving virtually the same maximal reaction velocity and substrate K m values for pyruvate and oxaloacetate. Replacement of Pro101 with Asn reduced the activity of the L. pentosus enzyme toward these alternative substrates to a greater extent than the activity toward pyruvate.
L-Lactate dehydrogenase (L-LDH; EC 1.1.1.27) and Lmalate dehydrogenase (L-MDH; EC 1.1.1.37) are similar with respect to both protein structure and catalytic machinery, and they catalyze oxidation-reduction of common 2-ketoacids and L-2-hydroxyacids with NAD as the coenzyme (1, 19, 26) . Nevertheless, unless artificially modified, most L-LDHs and LMDHs strictly discriminate their own substrates, pyruvate (L-lactate) and oxaloacetate (L-malate), respectively (15) , although a duck ε-crystallin (37) and the Bifidobacterium longum (11) L-LDHs are known to exhibit relatively high L-MDH activities that are only 25-and 44-fold, respectively, lower than their own L-LDH activities.
In lactic acid bacteria such as lactobacilli, L-LDHs show a great variety of catalytic properties and play key roles in the fermentation of lactic acid, acting in the last step of the anaerobic glycolysis pathway by converting pyruvate and NADH to L-lactate and NAD ϩ (19) . While vertebrate cells possess nonallosteric L-LDH isozymes, depending on the tissue (19) , many bacterial cells possess allosteric types of L-LDHs, which usually require fructose 1,6-bisphosphate [Fru(1,6)P 2 ] for activity (13) . We are carrying out a comparative study of the nonallosteric and allosteric types of L-LDHs from Lactobacillus pentosus, previously called L. plantarum, and L. casei, respectively, to understand their structure-function relationships (28) (29) (30) . In the course of this study, we found that these two enzymes exhibit marked activities toward oxaloacetate that are comparable to their activities for pyruvate.
The cultivation of Escherichia coli cells harboring expression plasmids for the genes encoding the L-LDHs of L. pentosus JCM1558 (ϭATCC 8041) and L. casei IAM 12473 (ϭATCC 393) and purification of the enzymes were performed essentially as described previously (29, 30) . Protein concentrations were determined with Bio-Rad protein assay reagent by the Bradford method (4), using bovine serum albumin as the standard. All enzyme assays were performed at 30°C. The 2-ketoacid reduction by L. pentosus L-LDH was assayed in 50 mM sodium MES (morpholineethanesulfonic acid) buffer (pH 6.0) containing 0.1 mM NADH and various concentrations of sodium pyruvate, oxaloacetate, or another 2-ketoacid. The reduction of pyruvate and oxaloacetate by the L. casei enzymes was assayed in 50 mM sodium acetate buffer (pH 5.0) and sodium MOPS (morpholinepropanesulfonic acid) buffer (pH 7.0), respectively. The assay mixtures for oxaloacetate were freshly prepared before each use, using newly purchased oxaloacetic acid (Wako Fine Chemicals, Osaka, Japan). One unit was defined as the catalytic rate of the conversion of 1 mol of substrate per min. Since the catalytic reactions by the L. pentosus and L. casei enzymes in the presence of Fru(1,6)P 2 were markedly inhibited by high concentrations of substrates, kinetic parameters such as K m and maximal velocity (V max ) were estimated using only data obtained at substrate concentrations sufficiently low and noninhibitory to give linear lines on double-reciprocal plots. For reactions that showed significant cooperativity, the Hill equation (6) was used for sigmoidal curve fitting to obtain kinetic parameters such as Hill coefficient (h) and half-saturating substrate concentration (S 0.5 ).
Oligodeoxynucleotide 5Ј-GTT GTG ATT ACC GCT GGC GCC AAT CAA AAG CCT GGC GAA TCA CG-3Ј was purchased from Takara Shuzo to obtain a mutant L. pentosus L-LDH (P101N). Site-directed mutagenesis was performed with a GeneEditor in vitro mutagenesis kit (Promega).
When oxaloacetate was used as the substrate, L. pentosus L-LDH exhibited high catalytic activity that was comparable to the activity toward pyruvate (Fig. 1A ), exhibiting K m and V max values slightly higher than those for pyruvate ( Table 1 ). The less than threefold differences in the oxaloacetate and pyruvate K m values indicate that the observed L-MDH activities arise mostly from oxaloacetate in the assay mixture, not from contaminant pyruvate. In addition to oxaloacetate, hydroxypyruvate was a good substrate for the enzyme reaction, exhibiting K m and V max values virtually the same as those for oxaloacetate. While the enzyme was relatively active toward 2-ketobutylate and phenylpyruvate, it was less active toward 2-ketoglutarate and 2-ketoacid substrates with long aliphatic chains, such as 2-ketovalerate, 2-ketocaproate, and 2-ketoisocaproate (Table 1) , which are favorable substrates for the L-2-hydroxyisocaproate dehydrogenase from L. confusus (27) . Unlike the L. pentosus enzyme, the L. casei enzyme is a representative allosteric L-LDH that requires Fru(1,6)P 2 to exhibit its activity (14, 18, 20) . Under acidic conditions such as pH 5.0, the L. casei enzyme shows marked catalytic activity even in the absence of Fru(1,6)P 2 , giving a sigmoidal saturation curve for substrate pyruvate but a hyperbolic saturation curve in the presence of Fru(1,6)P 2 . When oxaloacetate was used as the substrate at pH 5.0, the L. casei enzyme also exhibited high catalytic activity toward oxaloacetate in both the absence and presence of Fru(1,6)P 2 ( Fig. 2) . In the absence of Fru(1,6)P 2 , for oxaloacetate a sigmoidal saturation curve was obtained for the enzyme reaction; as for pyruvate, an h value slightly higher than that for pyruvate was observed (Table 2) . Under these conditions, we observed for oxaloacetate only an about twofold lower V max and slightly higher S 0.5 for the enzyme reaction than for pyruvate. In the presence of 5 mM Fru(1,6)P 2 , on the other hand, the L. casei enzyme gave a hyperbolic saturation curve for oxaloacetate, as for pyruvate (Fig. 2) , and slightly higher K m and lower V max values for oxaloacetate than for pyruvate (Table 2) .
Under neutral conditions such as pH 7.0, on the other hand, it is known that the L. casei enzyme absolutely requires Fru (1,6)P 2 for activity, and the activation function of Fru(1,6)P 2 is markedly improved in the presence of certain divalent cations such as Mn 2ϩ (14, 18, 20 a Kinetic parameters were calculated using the data for Ͻ10 mM oxaloacetate, since oxaloacetate was insoluble above 20 mM under these conditions. exhibited no apparent catalytic activity toward oxaloacetate in the absence or in the presence of a nonsaturating concentration (5 mM) of Fru(1,6)P 2 , where pyruvate gives a sigmoidal saturation curve for the enzyme reaction (14, 18) . Like the activity toward pyruvate, however, the activity toward oxaloacetate was also greatly enhanced by addition of 10 mM MnSO 4 in the presence of 5 mM Fru(1,6)P 2 , giving a hyperbolic saturation curve with about 1.4-and 1.2-fold reduced K m and V max values, respectively, compared with those for pyruvate (Table 2) .
Since the two Lactobacillus enzymes were essentially randomly chosen from the allosteric and nonallosteric types of Lactobacillus L-LDHs, respectively, it is likely that Lactobacillus L-LDHs generally exhibit such a broad substrate specificity regardless of their allosteric properties. Significant L-MDH activity has been observed in cell extracts of L. plantarum, L. casei, L. acidophilus, and L. helveticus (10, 25) . These four lactobacilli also exhibit marked activities of citrate synthase, aconitase, citrate lyase, fumarase, and fumarate reductase but possibly lack isocitrate dehydrogenase, 2-ketoglutarate dehydrogenase, and succinate dehydrogenase activities, indicating that lactobacilli are deficient in biosynthetic and bioenergetic functions required for the complete citric acid cycle (25) . This suggests that Lactobacillus L-LDHs do not physiologically catalyze the oxidation of L-malate, but can effect the reduction of oxaloacetate to L-malate in such an incomplete citric acid cycle, though L. plantarum cells may possess another protein that can catalyze oxaloacetate reduction with NADH (10).
Although it has been shown that Gln102, Asp197, and Thr246 (positions are numbered according to Eventoff et al. 8) directly participate in substrate discrimination by Bacillus stearothermophilus L-LDH (35) , all of these amino acids are highly conserved in the Lactobacillus enzymes, as in the case of other usual L-LDHs. On the other hand, it is also known that the active-site loop comprising positions 98 to 110 of L-LDH is essentially involved in the catalytic reaction (5) and substrate recognition (22, 35, 36) . It is notable that Bacillus and Lactobacillus L-LDHs have different amino acids, i.e., Asn and Pro, respectively, at position 101 in the active-site loop (Fig. 3) , although the two types of L-LDH are relatively close to each other evolutionarily (16) , suggesting that L-LDHs from aerobic and anaerobic gram-positive bacteria may be distinguished by whether there is Asn or Pro at this position. The ternary complex structure of the B. stearothermophilus enzyme indicates that the side chain of Asn101 forms a hydrogen bond with the Gln102 main chain and thereby stabilizes the turn structure of the active-site loop (34) . It is possible that the Asn101-to-Pro change affects the structure or flexibility of the active-site loop, since Pro limits the dihedral angles of the linked peptide bonds, besides impairing the ability to form the corresponding hydrogen bond. For L. pentosus L-LDH, the replacement of Pro101 with Asn significantly reduced activities toward pyruvate and, to a much greater extent, oxaloacetate (Fig. 1) . The substitution increased the oxaloacetate K m (6.5-fold) more than the pyruvate K m (2.2-fold) (Table 1) , and increased the activity toward pyruvate/activity toward oxaloacetate ratio from 2.2 to 7.8, when enzyme activity was evaluated on the basis of V max /K m . Like the activity toward oxaloacetate, enzyme activities toward other alternative 2-ketoacid substrates were reduced by the Pro101-to-Asn change more than the activity toward pyruvate, with an apparently similar trend. These results indicate that Pro101 contributes to widening of the substrate specificity of the Lactobacillus enzyme, although it is unlikely that only Pro101 is critical for the broad substrate specificity of the L. pentosus enzyme. It is known that in most L-LDHs the guanidino group of Arg171 forms a bidental, ionic hydrogen bond with the carboxyl group of substrate pyruvate and allows pyruvate to be strongly bound and properly oriented in the catalytic site (17) . Recently, we determined the three-dimensional structure of the L. pentosus holoenzyme at 2.3-Å resolution, where the guanidino group undergoes an unusual intersubunit interaction across the Q-axis subunit interface (H. Uchikoba et al., unpublished results). Through crystallography and site-directed mutagenesis, we are further investigating the unusual substrate recognition of Lactobacillus L-LDHs. This work was supported by a Grant-in-Aid for Science Research to H.T. from the Ministry of Education, Science, and Culture of Japan.
